INTRODUCTION {#sec1-1}
============

Endodontically treated teeth have been suggested to have greater susceptibility to vertical root fractures (VRFs).\[[@ref1][@ref2][@ref3][@ref4]\] Iatrogenic and noniatrogenic factors that result in the removal of substantial amounts of root dentin or produce microdefects in root dentin may increase the propensity of fractures in endodontically treated teeth.\[[@ref3][@ref4]\] Any gross changes in the root canal morphology, loss of circumferential dentin, altered canal curvature, and altered canal cross-section configuration\[[@ref5][@ref6][@ref7][@ref8][@ref9][@ref10][@ref11]\] may change the nature of functional stress distribution within the root dentin, subsequently increasing the susceptibility for VRF in such teeth.\[[@ref5][@ref6][@ref7][@ref8][@ref9][@ref10][@ref11]\] However, the precise mechanism by which iatrogenic root dentin removal would influence the resistance to fracture in endodontically treated teeth is not well understood.

Finite element (FE) analysis has been used widely to study the stress/strain responses of dental structures to functional forces.\[[@ref6][@ref9][@ref11]\] Using the FE models of mandibular first molar, it was demonstrated that canal enlargement results in increased concentration of stresses on the canal wall at the orifice level in the coronal third of root.\[[@ref11]\] It was highlighted that the magnitude of radicular stresses formed during loading was higher when the root canals were prepared to larger diameters.\[[@ref6]\] The larger diameters of prepared canals were noted to increase the magnitude of radicular stresses by up to 37%.\[[@ref8]\] Nevertheless, another study has suggested that the reduced dentin thickness did not necessarily increase the fracture susceptibility in endodontically treated teeth while changing the canal configuration from oval to round relieves internal stress despite substantial loss of proximal dentin.\[[@ref10]\]

Different degrees of dentin loss may occur during root canal instrumentations. This loss of root canal dentin would alter the biomechanical response of the tooth. Any significant alteration in the biomechanical response of a tooth may influence its resistance to fracture. Although previous static and cyclic load-based mechanical testing has emphasized the importance of preserving root dentin to retain the mechanical integrity of endodontically treated teeth,\[[@ref5][@ref7][@ref8]\] the specific impact of iatrogenic dentin loss on the biomechanical behavior of root dentin is not well understood.\[[@ref12][@ref13][@ref14][@ref15]\] The goal of this study was to understand the effect of different degrees of root dentin removal on the load to fracture and stress distribution of endodontically treated teeth using both experimental and numerical methods. The current hybrid approach, which combines both experimental and numerical analyzes, would provide a better understanding on how root dentin removal during instrumentation would influence the susceptibly to VRF in endodontically treated teeth.

MATERIALS AND METHODS {#sec1-2}
=====================

Experimental analysis {#sec2-1}
---------------------

### Sample preparation {#sec3-1}

Ethics approval for the use of extracted teeth for this study was attained from the University of Toronto Ethics Review Board. Forty noncarious human mandibular premolar teeth, extracted for orthodontic reasons, were collected from patients from age group of 20--40 years, with mature root, straight root, and single (verified radiographically) and were selected for this study. The tooth specimens were transilluminated and examined under a stereomicroscope to exclude the presence of any cracks or craze lines. These specimens were stored in phosphate-buffered saline water at 4°C until use.

The teeth were mounted in a custom-made device, and micro-computed tomography (CT) images (1172 High-resolution μCT, SkyScan, Belgium) (pretreatment scan) were acquired. The scan conditions used were as follows: slice thickness 18 μm, tube voltage 100 kV, and exposure dose 100 μA. The specimens were randomly divided into four groups as described in the following. Access cavities were prepared using diamond burs under water cooling as per conventional guidelines.\[[@ref16]\] All root canals were negotiated with size 10 K-type files (Lexicon: Dentsply Tulsa Dental Specialist, Germany). The working length was measured from the pretreatment scan at a reference point 0.5 mm short of the portal of exit and confirmed radiographically. A glide path was established with a size 15 K-type file. Each root canal was instrumented to the working length with instruments as indicated below.

In Group 1 (Low), the canals were enlarged up to ISO K-type file \#20 (Lexicon: Dentsply Tulsa Dental Specialist, Germany) to simulate the low amount of dentin removal. In Group 2 (Medium), the canals were enlarged to ISO size 20 and then Gates Glidden Drills \#1-2 (Lexicon: Dentsply Tulsa Dental Specialist, Switzerland) were used at 600 rpm to enlarge the coronal third of root canal. This step was followed by apical enlargement up to K-type file \#35 to simulate a medium amount of dentin removal. In Group 3 (extreme), the coronal third of the canals was further enlarged up to Gates Glidden Drill \#4 and apical enlargement up to K-type file \#50 to simulate an extreme amount of dentin removal. Group 4 (Control) was the control group, in which the root canals were uninstrumented. Throughout the instrumentation procedures in the groups,\[[@ref1][@ref2][@ref3]\] the root canals were irrigated with distilled water using a ProRinse side-vented 30 G needle (Dentsply Tulsa Dental Specialties, Tulsa, OK) at standardized intervals and the canals were dried with paper points.

### Determination of dentin volume removed and moment of inertia {#sec3-2}

Micro-CT scanning was repeated (as above) on the root canal instrumented teeth (posttreatment scan). Manual volumetric segmentation of the pre- and post-treatment images (Amira 5.2.2, Visage Imaging, San Diego, CA, USA) was used to determine the amount of dentin removed. Amira software was used to calculate the cross-sectional area and radius of gyration to calculate the moment of inertia. Moment of inertia is a geometric property of a structure that measures the distribution of material about a given axis, representing the ability to resist bending or torsion. One hundred slices obtained from the cervical aspect of the root dentin postinstrumentation to determine the moment of inertia using the following equation.

k = √I/A I = k^2^A

Where k is the radius of gyration, I is the moment of Inertia, and A is the cross-sectional area. The moment of inertia was determined to examine the relationship between the ability to resist bending and load to fracture in the specimens.

### Thermal and mechanical cyclic testing {#sec3-3}

Thermal and mechanical cycling was performed to simulate aging and mastication of root dentin during function. Before the thermal and mechanical cycling, the teeth crowns were sectioned off at the cementoenamel junction (CEJ) under water cooling with a diamond disk. The teeth were embedded in cylindrical molds of polymethylmethacrylate (Palapress Vario, Heraeus-Kulzer, Germany) with a 200 μm thick layer of polyether material (Impregum, 3M Espe, Seefeld, Germany) surrounding the root surfaces to mimic periodontal ligament (PDL). The CEJ was positioned approximately 1.5 mm above the level of mold to simulate bone crest. All the teeth were then aged under thermal and mechanical load cycles in a chewing simulator (TCML, Chewing Simulator, EGO, Regensburg, Germany). The thermal cycling consisted of 6000 cycles × 5°/55°; each cycle was 2 min. The specimens were simultaneously subjected to mechanical load cycles of 1.2 × 10^6^ cycles of 50 N at frequency of 1.6 Hz. This mechanical/thermal load cycles simulated 5 years of clinical function, based on the masticatory loads, speed of mandibular movements, and rate of chewing.\[[@ref17][@ref18][@ref19]\] All specimens were kept hydrated in deionized water throughout the experiments. These thermomechanically cycled specimens were used to determine the load to fracture and subsequent fractographic analysis.

### Determination of the load to fracture {#sec3-4}

The load to fracture was determined on tooth specimens previously subjected to thermal and mechanical cycling. Twenty-eight samples (*n* = 7 from each group 1--4), were subjected to compressive loading to failure (Zwick 1446, Ulm, Germany). Vertical load was applied with a cylindrical tip (radius of 4 mm), centered over the occlusal aspect of the tooth, using a crosshead speed of 1 mm/min, within a custom stainless steel loading fixture. The specimens were loaded till the load dropped suddenly observed in load-displacement curve.

### Fractographic analysis {#sec3-5}

Scanning electron microscopy (SEM) (Quanta FEG 400, FEI Company, Oregon, USA) was used to determine the presence of microcracks in root dentin. Three specimens in each group previously subjected to mechanical/thermal cyclic loading were examined. Cross-sectional specimens (3 mm thick) were prepared under water cooling with a diamond disk from the root specimens at apical, middle, and coronal levels. Only those microcracks that initiated from the root canal walls were analyzed as the representative initiation of VRF.

Numerical analysis {#sec2-2}
------------------

### Segmentation of tooth and generation of finite element analysis models {#sec3-6}

An extracted human premolar tooth with a single and straight root canal was used. The tooth was positioned in a custom-made mount and μCT imaged intact. Root canal instrumentation was performed sequentially and μCT images were acquired at each stage to simulate three different degrees of dentin removal on a single tooth (control, low, medium, and extreme groups, as described earlier).

From each scan, the intensity-based manual image segmentation of the tooth and supporting structures (PDL and bone) was generated on a slice-by-slice basis using Visage Imaging Amira 5.2.2 software. The images were saved as a STL file and were subsequently imported into an ICEM CFD 14.5 platform and assembled into 4-noded tetrahedral meshes (Ansys Inc., Southpointe, Canonsburg, PA, USA). These meshes were generated as finite element analysis models representing different levels of dentin removal as in control, low, medium, and extreme groups (described previously).

### Finite element analysis {#sec3-7}

Meshes were imported into ABAQUS 6.12 (Providence, RI, USA) to assign different material properties, apply boundary condition, and conduct stress analysis. All model materials were considered to be homogenous, isotropic, and linearly elastic. The mechanical properties of the dentin, PDL, and bone specified in the model are shown in [Table 1](#T1){ref-type="table"}.\[[@ref20][@ref21][@ref22][@ref23]\] The interfaces between the components were treated as perfectly bonded interfaces. The base of the model was constrained to a zero displacement boundary (restraining all forms of translational movements), and a load of 100 N was applied on the coronal aspect of the root. The resulting stress distribution patterns were evaluated at the cervical, middle, and apical portions of the root.

###### 

Material properties of structures considered for the finite element method model

![](JCD-21-290-g001)

Statistical analysis {#sec2-3}
--------------------

The mean dentin volume removed was compared between the low, medium, and extreme groups using a one-way ANOVA and *post hoc* Tukey testing. A similar analysis was also used to compare the load-to-fracture data between all groups. All statistical analyses were performed to a 95% level of confidence (α = 0.05).

RESULTS {#sec1-3}
=======

Experimental analysis {#sec2-4}
---------------------

### Determination of dentin volume removed {#sec3-8}

The μCT segmentations showed a significant difference between the volume of dentin removed in the low group and the extreme group (*P* \< 0.05). The volume of dentin removed was lowest in the low group (2.63 ± 0.24%) and highest in the extreme group (7.34 ± 0.69%) \[[Figure 1a](#F1){ref-type="fig"}\]. It was also found that the dentin volume removed in medium group showed a wide variation in the volumetric change (1.05%--12.36%), resulting in the lack of significant differences between this group and the extreme or low groups \[[Figure 1a](#F1){ref-type="fig"}\].

![(a) The percentage reduction in dentin volume simulated with different levels of dentin removal reported as a mean ± standard error, (b) load to fracture values reported as a mean ± standard error (\*statistically significant with control, \*\*statistically significant with low)](JCD-21-290-g002){#F1}

### Load-to-fracture analysis {#sec3-9}

[Figure 1b](#F1){ref-type="fig"} shows the load to fracture obtained for different experimental and control groups used in this study. The load to fracture was significantly lower in the extreme group when compared to the low and control groups (*P* \< 0.05). There were no statistically significant differences in the load to fracture for the medium group as compared to the other experimental groups (*P* \> 0.05).

### Load to fracture versus moment of inertia {#sec3-10}

The correlation between the moment of inertia and the load to fracture was examined for all the experimental samples. It was observed that there was a linear relationship (*R*^2^ = 0.52) between the load to fracture and the moment of inertia \[[Figure 2](#F2){ref-type="fig"}\]. This indicated that the decrease in moment of inertia of root dentin during loading would lead to increased flexure of the root dentin and subsequent reduction in load to fracture.

![Shows the correlation between the load to fracture and moment of inertia](JCD-21-290-g003){#F2}

### Fractographic analysis {#sec3-11}

The fractography showed that a considerable number of microcracks were initiated from the root canal wall in the extreme group. These microcracks in the root dentin of the extreme groups were largely observed in the apical and cervical aspects of the root dentin \[[Figure 3a](#F3){ref-type="fig"}\]. However, no cracks, which initiated from the root canal surface, were observed in the medium and low groups.

![(a) Microcrack analysis of samples after mechanical cycling load based on the different degree of dentin removal and (b) stress distribution analysis](JCD-21-290-g004){#F3}

Numerical analysis {#sec2-5}
------------------

### Stress distribution pattern {#sec3-12}

In root dentin with minimal removal of dentin (low group), the distinct stress distribution patterns were observed at the cervical region of the root \[Figure: 3b (top row)\]. With increase in root canal dentin removal, the stress distribution pattern was shifted into the middle third of the root \[[Figure 3b](#F3){ref-type="fig"} (middle and bottom rows)\]. In all experimental groups, stresses were distributed circumferentially around the canal wall in the mesiodistal direction. However, with an increase in root canal dentin removal, the stress distribution pattern became more conspicuously in the buccolingual direction.

DISCUSSION {#sec1-4}
==========

Micro-CT is a nondestructive technique that allowed evaluation of tooth in series of cross-sectional slices, which are later reconstructed to determine various parameters such as root canal morphology, volume of dentin removed, and remaining dentin thickness.\[[@ref24][@ref25][@ref26][@ref27]\] Previous investigations using micro-CT showed that the largest degree of dentin loss occurred during caries removal (\~8%), whereas the root canal preparation did not result in significant loss of dentin (1%).\[[@ref12]\] Elnaghy and Elsaka showed that there was no significant difference in the volume of dentin removed and centering ratio among the teeth instrumented with ProTaper Next instruments with/without Glide Path.\[[@ref28]\] In the current study, the micro-CT-based analysis showed that the amount of root dentin removed during instrumentation differed only between the low and extreme instrumentation groups. There was no significant difference in the amounts of dentin removed between the medium and the low/extreme groups. This finding suggested that the amount of dentin removed during root canal instrumentation was not only influenced by the instrumentation protocol but also depended on the initial root canal geometry and remaining dentin volume. Similar findings were reported in several previous studies.\[[@ref24][@ref25][@ref26][@ref29][@ref30]\]

The resistance to fracture of endodontically treated teeth is a particular concern, since the mechanical integrity of the remaining teeth structure may be compromised by different pathological and iatrogenic reasons.\[[@ref31]\] In this study, the teeth were loaded without considering the endodontic access cavities to avoid (a) the confounding effects such as cuspal flexure and (b) different bonded/unbounded filling materials. In this manner, the effect of root canal dentin loss on the mechanical integrity of remaining root dentin could be directly assessed. Further, the teeth were subjected to cyclic loading under fully hydrated conditions to simulate functional chewing forces in an oral environment. The cyclic loading of 1,200,000 cycles utilized in this study simulated about 5 years of clinical functioning.\[[@ref17][@ref18][@ref19]\] The findings from the cyclic loading experiments followed by static loading demonstrated that there is a significant difference in the loads to fracture of extreme group as compared to low and control groups. However, there was no significant difference between loads to fracture for medium group compared to other groups.

Comparison between the root canal dentin removal and load to fracture showed that there was a consistent decrease in the load to fracture with a decrease in remaining dentin volume. Nevertheless, there existed statistically significant decrease in the load to fracture only in the medium group (when compared to the control group) and in the extreme group (when compared to the low group). This observation may perhaps suggest that the remaining dentin volume influenced the resistance to fracture in endodontically treated root only after a critical degree of dentin removal. It is also key to realize that other associated factors such as canal geometry and pretreatment canal volume would also influence the resistance of fracture. When the moment of inertia, which is the resistance to bending, is correlated with the load to fracture, it was noted that the load to fracture depended on the distribution of dentin material around the root canal. This effect was confirmed by considering the radius of gyration in the calculation of moment of inertia, which determines the distribution of dentin material around the centroid of the root canal. Thus, removal of dentin away from the canal center reduced the moment of inertia resulting increased root flexure. A previous study has highlighted a conspicuously increased deformation in single-rooted teeth following instrumentation and postpreparation.\[[@ref31]\]

Teeth in the oral cavity serve as a mechanical device for mastication of food. During chewing, the intact natural teeth experienced flexing or bending stress when biting forces act on them.\[[@ref32]\] Thus examining the nature of stress distribution within root would aid in understanding how root canal dentin removal would alter the stress distribution pattern in root during function. The pattern of stress distribution on the root dentin is critical in propagating cracks that lead to VRF.\[[@ref32]\] VRF is defined as longitudinally oriented fracture of the tooth that originates from the apical region of the root and propagates toward the coronal aspect of the root. They are generally found in the buccolingual direction of the root.\[[@ref33]\] Although they may originate in proximity to the root canal wall, they may be complete or incomplete in nature.\[[@ref34][@ref35]\] Therefore, only those cracks that initiated from the canal wall were recorded using SEM. The microcrack analyses of the root specimens subjected to different degrees of dentin removal demonstrated that higher dentin removal from the root canal initiated a greater number of microcracks and root fractures.

The current numerical analysis and mechanical experiments demonstrated that functional stresses were predominantly distributed circumferentially at the cervical dentin. However, with increasing root dentin removal, the stress patterns shifted more apically and along the buccolingual plane. The increased stress distribution in the apical direction and in the buccolingual direction can be attributed to the increasing root flexure, resulting from dentin removal. This altered stress distribution pattern may contribute to fracture that propagates from the apical portions of the root to the coronal portions in the buccolingual direction.\[[@ref35][@ref36]\]

CONCLUSIONS {#sec1-5}
===========

This biomechanical study demonstrated that extreme degree of iatrogenic root canal dentin removal, particularly away from the root canal center, would result in a decreased moment of inertia and root flexure. The increased root flexure would shift the radicular stress distribution from the cervical dentin to the apical dentin in the buccolingual plane. Thus, it could be suggested that the resistance to VRF after root canal preparation was influenced by the remaining dentin volume and moment of inertia of the root dentin. A small amount of root canal dentin removal by root canal instrumentation did not compromise the mechanical integrity of root.
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